Air pollutant levels in many Chinese cities remained significantly higher than the upper limits stated in World Health Organization guidelines. In light of limited evidence in China, we conducted a meta-analysis summarizing the association between acute exposure of air pollution and cardiovascular mortality. We searched PubMed, and CNKI databases etc. for literature published in English or Chinese up to January 2017. Outcomes were pooled and compared using random-effects model. Excess risks (ERs) per 10 μg/m 3 increase in PM 2.5 , PM 10 , NO 2 , SO 2 and O 3 were evaluated. Subgroup analysis was conducted according to lag patterns (lags 0, 1, 2, 0-1, 0-2 days), gender (male vs. female), temperature (cool vs. warm) and age (< 65 vs. ≥ 65). Study bias was detected using Begg's and Egger's test. Of 299 articles identified, 30 met inclusion criteria. Each 10 μg/m 3 increase in the concentration was associated with a higher incidence of cardiovascular mortality for PM 2.5 (0.68%, 95% CI: 0.39-0.97%), PM 10 (0.39%, 95% CI: 0.26-0.53%), NO 2 (1.12%, 95% CI: 0.76-1.48%), SO 2 (0.75%, 95% CI: 0.42-1.09%), and O 3 (0.62%, 95% CI: 0.33-0.92%), respectively. Air pollution conferred greater adverse impacts on cardiovascular mortality for longer duration of exposures. Strongest associations were seen for lag 0-1 day of exposure among all pollutants. Female, lower temperature, and age > 65 years were associated with greater risks of cardiovascular mortality for all pollutants. Higher concentrations of air pollutants correlated with a greater shortterm increase in cardiovascular mortality. Further high-quality studies in China are urgently warranted to determine the susceptible population, which would offer reference for policy-making to minimize adverse health effects.
INTRODUCTION
Despite considerable improvement in prevention and management, cardiovascular diseases remain the leading cause of death worldwide. Decomposition of global and regional life expectancy showed the prominent role of reductions in age-standardized death rates for cardiovascular diseases worldwide [1] . According to World Health Organization (WHO), about 17.3 million people died of cardiovascular diseases annually, accounting for > 30% of all-cause mortality [2] . Cardiovascular mortality is the top cause for mortality worldwide, with 3.7 million people aged below 60 years [3] . Factors that trigger cardiovascular events, particularly in susceptible population, represent a major public health concern.
Air pollution is a leading environmental health issue [4] . Higher levels of gaseous components [including nitrogen dioxide (NO 2 ), sulfur dioxide (SO 2 ), and ozone (O 3 )] and particulate matter with diameter less than 10μm (PM 10 ) and 2.5 μm (PM 2.5 ) have been associated with poorer cardiovascular health [5, 6] . Short-term exposure to air pollutants led to increased cardiovascular events [7] [8] [9] [10] . According to 2002 World Health Report, approximately 800,000 premature deaths were attributable to air pollution worldwide annually [11] . Moreover, shortterm exposures to air pollution have been associated with increased cardiovascular mortality and hospital admissions [7, 12] . China is the major developing country. Air pollutant levels in many cities remain significantly higher than the upper limits stated in the WHO guidelines [13] . Daily concentrations of PM 2.5 in mega-cities, such as Beijing and Shanghai, may peak to 100-300 μg/m 3 [14, 15] , which far exceeded the upper limit (10 μg/m 3 ) endorsed by WHO Air Quality Guideline (AQG) [13] .
However, most evidence of the association between short-term effect of air pollution and cardiovascular mortality were derived from North American or West European countries where pollutant levels were much lower [16] [17] [18] . Studies conducted in China are very scarce. Importantly, previous findings might not be directly extrapolated to China [19] , because adverse effects of air pollution vary with regions and time [20] . Therefore, we conducted a systematic review and metaanalysis summarizing the association between short-term exposure of air pollution and cardiovascular mortality in China.
RESULTS

Study selection and identified papers
299 records were identified after excluding duplicates. With in-depth review, 30 full-text articles fulfilled the inclusion criteria and were included in the meta-analysis. Details of selection process are presented in Figure 1 . Across the span of 1998 to 2015, two studies adopted case-crossover design and the remaining were time-series studies. Cardiovascular mortality effects were assessed in association with acute exposure to five major air pollutants, including PM 10 , PM 2.5 , SO 2 , NO 2 and O 3 . Of these, 17 articles focused on PM 10 , 10 studies were pertinent to PM 2.5 , 12 studies included NO 2 , 9 studies was related to SO 2 and 6 studies referred to O 3 . Eleven cities were included in our study, which were mainly comprised of provincial capitals in China. Table 1 summarizes the details of studies included in our study. See Supplementary  Table 1 and Supplementary Figures 1-11 .
Particulate matter and cardiovascular mortality
Overall, we noted significant positive associations between cardiovascular mortality and particulate matters (PM 10 , PM 2.5 ). PM 10 , which was the most frequently reported air pollutant, showed a mean of 0.39% (95% CI: 0.26%-0.53%) increase in cardiovascular mortality risk per 10 μg/m 3 increase in concentration, with a significant heterogeneity among studies (83.6%) (Figure 2 ). Pooled analysis suggested that the adverse impact of PM 10 on cardiovascular mortality was independent of the duration of exposure (Figure 3) . PM 2.5 was also significantly associated with a mean of 0.68% (95% CI: 0.39%-0.97%) increase in cardiovascular mortality per 10 μg/m 3 increase in concentration, despite significant heterogeneity among studies (90.4%, Figure 4 ). No time-dependent effect was observed in the adverse impact of PM 2.5 on cardiovascular mortality ( Figure 5 ).
Gaseous air pollutants and cardiovascular mortality
Shot-term exposure to gaseous pollutants yielded robust association with cardiovascular mortality. ( 
Subgroup analysis
Subgroup analyses were conducted by stratifying the age, gender, the different lag patterns, temperature, and concentrations of air pollutants (Table 3) . People aged greater than 65 years were more susceptible to the adverse impacts conferred by air pollution. Males appeared to be less susceptible to the adverse effects associated with air pollution. The more robust associations were seen at lag 1 day for all pollutants except for PM 2.5 . Among all pollutants, greater cardiovascular mortality was observed in lower temperature. In most of the sub-group analysis, the heterogeneity remained significant, except for the warm seasons.
Publication bias
Funnel plots suggested symmetric distribution of studies (see Online Supplement). Begg's and Egger's test indicated insignificant publication bias for studies included in our analysis (Table 4) .
DISCUSSION
Cardiovascular diseases include disorders of the heart (arrhythmia, coronary vessel and vascular disease, heart failure) and blood vessels (peripheral arterial diseases and venous thrombosis), particularly the diseases related to vessels supplying blood to the brain (ischemic and hemorrhagic stroke). Taken together, these disorders constitute the leading cause of death across the globe, with low-and middle-income countries being most significantly affected. A substantial number of environmental factors have been found to exert a critical adverse impact on the risk, progression, and severity of cardiovascular diseases. There are growing concerns of cardiovascular mortality related to air pollution, although it remains poorly characterized in China. In this meta- [21] . Another study has documented the increase of 0.36% and 0.63% per 10 μg/m 3 increase in PM 10 and PM 2.5 , which was also comparable to our findings [22] .
Admittedly, pooled estimates of PM 10 derived from developed countries were greater than that from China. Each 10 μg/m 3 increase in PM 10 was associated with 0.53% and 0.68% greater cardiovascular mortality in Europe [17] and USA [23] , respectively. But our pooled estimates for PM 2.5 of 0.68% appeared lower than those reported in developed countries. Per 10 μg/m 3 increase in PM 2.5 , the pooled ERs were 0.85% for cardiovascular mortality in a multicity time-series analysis from 112 US cities [24] . In another time-series study from 27 US cities, each 10 μg/ 3 increase in PM 2.5 correlated with a pooled ER of 0.94% in cardiovascular mortality [18] . Because of significantly higher average of pollutants concentrations in Chinese cities, the exposure-response coefficient derived from western cities cannot be directly extrapolated to China.
We noted greater adverse effects of PM 2.5 on cardiovascular mortality than those of PM 10 , which has been supported by earlier epidemiological studies [25, 26] . A potential interpretation is that PM 10 deposited preferentially in larger airways, whereas PM 2.5 or ultrafine particulate matter could penetrate to more distal airways or even the alveoli [27, 28] . It has been proven that PM 2.5 enters cardiovascular system via inhalation into the lungs, which promotes local inflammatory response that "spills over" into the circulation, where soluble and cellular mediators may promote systemic oxidative stress and inflammation that affect the heart and vessels [29] . This systemic effect can also be amplified by effects on adipose and liver tissue, promoting the release of adipokines and acute-phase reactants, which can alter vascular tone, resulting in insulin resistance, dyslipidemia and hypercoagulability [30] . Therefore, greater emphasis should be placed on the adverse effects conferred by PM 2.5 .
Temperature is usually considered as a confounder of air pollution [31] , and its impacts on cardiovascular mortality associated with air pollution remain controversial [32] . Consistent with previous studies [33, 34] , we noted that low atmospheric temperature was associated with greater cardiovascular mortality, although confounding by other meteorological factors cannot be excluded. The altered cardiovascular biomarker profiles in healthy adults associated with ambient temperature changes may help explain the temperature-related cardiovascular mortality. A 10°C decrease at 2-d average daily temperature were associated with mean increases of 2.5%, 1.6%, 2.7%, 5.5% and 2.0% in biomarker levels for systemic inflammation, coagulation, systemic oxidative stress, antioxidant activity and endothelial function, respectively [35] . We also observed greater adverse cardiovascular mortality in females than in males, although previous studies yielded conflicting results [36] . These findings indicated that effectmodifiers should be taken into account when interpreting the impact of air pollutants on cardiovascular mortality.
Except for metropolitans, the adverse effects conferred by air pollutants remain significant in other cities of northwest China. More stringent regulations on improving air quality, coupled with implementation of routine atmosphere monitoring, are urgently needed. In light of different impacts on cardiovascular mortality, we propose nation-wide dynamic monitoring of pollutant levels, which will better inform citizens at risk of developing cardiovascular events in case of abrupt increase in pollutant levels.
Limitations of our study include the significant heterogeneity among all pollutants except for PM 2.5 and O 3 . Factors that could potentially explain for the significant heterogeneity may include different study designs and methods for statistical analysis, the diverse population characteristics, diverse regions where study participants are residing, and the methods for measurement and recording, etc. However, pooled estimates showed consistently remarkable adverse effect among all pollutants, and the effect size was unchanged in subgroup analyses. We only calculated pooled estimates based on single-pollutant model without adjustment. The effects of air pollution on cardiovascular mortality might have been overestimated because our pooled estimates were merely based on short-term exposures to air pollution. Our study estimated the health effect on more general population; however, the effects were likely to be greater in patients with pre-existing cardiovascular diseases. Finally, most cities in our study were mega-cities that harbored dense population, therefore it remains unclear whether our findings could be extrapolated to cities with smaller scales.
In summary, short-term exposure of air pollution is associated with greater cardiovascular mortality. Our results reinforce the public health importance of surveillance of air pollution, which would help inform policy-makers to establish more stringent regulations that would mitigate air pollutant levels. Despite small pooled estimates, the impact is substantial for the entire population. More high-quality studies in China are urgently needed to identify the exposure-response effect in order to determine the susceptible population, making relevant policy for further prevention of the detrimental effects due to air pollution.
MATERIALS AND METHODS
Literature search and selection
Systematic literature search was performed for epidemiological studies conducted in China that examined cardiovascular disease mortality and hospital admissions in association with short-term exposure to air pollutants, including particulate matter (PM 10 , PM 2.5 ) and gaseous pollutants (NO 2 , SO 2 , O 3 ).
We searched PubMed, Web of Science, Cochrane library, Wan Fang, and CNKI databases for literature published in English or Chinese, up to January 2017, using the terms: (1) PM 2.5 , PM 10 , NO 2 , SO 2 , O 3 , air pollutants, air pollution; (2) Cardiovascular diseases, adverse effect, mortality, death; (3) time-series, case-crossover, cohort studies; (4) China, Chinese. Additional literature was manually retrieved to identify studies not included during the initial search. Selection of studies was based on viewing the titles, abstracts and full-length articles.
We focused on time-series or case-crossover studies that reported excess risk (ER) and the 95% confidence intervals (95% CI) of cardiovascular mortality in association with short-term exposure to air pollutants (NO 2 , SO 2 , O 3 , PM 2.5 , and PM 10 ) in China. Only single-pollutant model results and studies on human were included. Following inclusion criteria were used: (1) All epidemiological studies, involved the health impact of exposure to mentioned pollutants in the Chinese population; (2) original studies expressed quantitative exposure-response relationships between mentioned pollutants and cardiovascular health outcomes (excess risk [ER] , and their 95%confidence intervals [95% CI]); (3) subjects were not from specific high-risk groups (e.g. smokers or children); (4) the health outcomes were cardiovascular mortality.
Data extraction and meta-analysis
Data were extracted independently by two investigators (H.R.L and F.Y.C.) and discrepancy was adjudicated by a third investigator (L.Z.). For selected studies, the title, authors, location, year of publication, study period, study design, number of events, type of pollutants and health outcomes were extracted and entered into an electronic database.
Association between short-term exposure of air pollution and cardiovascular mortality was frequently determined for the duration of several days prior to the events, showing the estimates as single time lags (e.g. lag 1) or cumulative lags (e.g. lag 0-1 or 0-2). For eligible studies, we selected the lags to pooled risk estimates with the following rules: 1) the estimate could be directly included if only one lag estimate was presented; 2) if multiple lags were presented, we sequentially selected with the following criteria: [37, 38] (a) the a-priori lag; (2) the lag with the greatest statistical significance; (3) the lag with the largest effect estimate; (4) the lag with the shortest period.
We did subgroup analyses according to different lag patterns (0, 1, 2, 0-1, 0-2 days), age (≤ 65 vs. > 65 years), gender (male vs. female), and temperature (warm vs. cold).
Excess risks (ERs) were pooled for standardized estimates with incremental concentration of 10 μg/m 3 [22] . We used Cochran's X 2 test and I 2 to examine the heterogeneity among effect estimates [39] . P > 0.05 indicated homogeneity, otherwise heterogeneity among estimates. I 2 statistics of 0~25, 25~50 and > 50 indicated low, moderate, and significant heterogeneity, respectively [40] . We chose I 2 > 50 as an indicator of significant heterogeneity. Random-effect model was applied to pool estimates in case of significant heterogeneity; otherwise, fixed-effect model was applied [39] . Study bias was detected using funnel plot, based on Begg's and Egger's test [41, 42] . Statistical significance was taken for P < 0.05. All analyses were conducted with STATA version 12.0 (Stata Corporation College Station, TX, USA).
